Advanced piezoelectric-based ultrasonic transducers offer the potential for in-coolant nondestructive testing (NDT) measurements at high temperatures (HTs), including during hot standby (~260°C) for liquidsodium-cooled advanced small modular reactors. The reliability of the NDT measurements is typically quantified by the probability of detection (POD) measured at the corresponding temperature. Obtaining such data in liquid sodium is challenging. Using a model-assisted POD approach, a transfer function is reported that enables data obtained on low carbon steel specimens at room temperature to give an estimated POD at an HT. A primary source of the difference in POD between room temperature and HT is due to the transducer material temperature-dependent performance. This paper demonstrates the transfer function approach using data for modified lead zirconium titanate (PZT-5A). A physics-based model was developed using a finite element method and used to quantify reduction in the scattering amplitude for standard reflectors, side drilled holes (SDHs), for a range of sizes, from 15°C to 195°C. Scattering amplitudes for the roomtemperature-simulated data are compared with the experimental data measured at 2.25 MHz. A temperature correction and transfer functions were developed to transform the simulated temperature effect in the physicsbased model to compare with the experimental data. The model-based approach was validated with experimental data. It was seen and validated for a PZT-5A ultrasonic transducer operating at 2.25 MHz that the 95% POD at 15°C was 0.58 λ, and due to variation in temperature-dependent properties of PZT-5A, the 95% POD was achieved only for a 1.41 λ SDH diameter. 
I. Introduction
Generation IV fast nuclear reactor designs are being developed to support sustainable development, economic competitiveness, and improved safety [1] . Past experience, specifically, with regard to long term maintenance experience from the Phoenix reactors (France) has underlined the need to provide effective and reliable inspection of components [2] . The efficacy of the NDT inspection is often quantified by the probability of detection (POD) curve. Previous studies have shown that signal to noise ratio becomes a critical issue for transducers operating in liquid sodium at a hot stand-by temperature of 260C [3] .
Particularly, the reduction in the signal strength as a function of temperature reduces the ability to identify and distinguish between an ultrasonic response from the defect and electrical noise. This reduction in signal strength can cause a reduction in POD in a high temperature (HT) environment that needs to be predicted.
From POD perspective, actual non-destructive inspection is highly variable due to human factors, experimental limitations etc. Moreover, these experiments are time consuming and expensive due to the cost of the preparation of specimens with defects. A more cost-effective approach to increase confidence is using physics based modeling to predict POD, and this has been demonstrated for many years [4] . Sarkar et al. [5] proposed a modeling methodology to estimate POD as a function of known fixed effect parameters.
These models have been an integral part of a unified approach for model assisted probability of detection (MAPOD) [6] [7] . The basic idea behind MAPOD is to use an understanding of the effects of physical factors on the measurement results [6] . Cobb et al. [8] advocated development of hybrid finite element models to use in the MAPOD approach. The thesis of this work states that predictive modeling should be multidomain consisting of sensor, electronics, and power management. Crack geometry was the primary source of variability in this work [8] . Smith et al. developed the Full Model-Assisted (FMAPOD) approach [9] and also presented a transfer function approach [10] that correlated the responses from an artificial defect to that of a real crack geometry. Aldrin et al. [11] reported simulation-based POD studies for reliability assessment of structural health monitoring (SHM) systems within the framework of MAPOD. Jensen et al. [12] explored uncertainty propagation through CIVA-multi technique software (CEA-LIST, France) simulation models. Wirdelius et al. [13] also developed POD based on synthetic data obtained from simSUNDT software. Pavlovi et al. [14] reported POD data as a function of multiple parameters in contrast to the conventional signal response analysis. Li et. al. [15] developed a statistical model for estimating POD based on the physical mechanisms of ultrasonic inspection. This work [15] successfully demonstrates the intersection of statistical and physical modeling of ultrasonic wave propagation for the purpose of estimating POD.
In a harsh operating environment, such as a nuclear reactor, POD can be expected to reduce over time due to deterioration of sensor performance. Subair et al. [16] reported finite element modeling for the estimation of POD of nuclear components at room temperature. Roy et al. [17] developed temperature dependent, physics based modeling using experimental data up to 80C. The objective of this work [17] was to propose a temperature compensation strategy for guided waves. Similarly, Wang et al. [18] reported an adaptive filtering technique for temperature compensation of Lamb waves. Recently, Salmanpour et al. [19] proposed a new method of temperature correction and used it in conjunction with a delay and sum damage detection algorithm. The proposed method is based on baseline signal stretch with an improved minimum residual allowing correction over a larger temperature range. Gianneo et al. [20] reported the FMAPOD approach for inspection of a copper canister to plot the POD curve for flat bottom holes (FBH) where data were calculated using CIVA-multi technique software (CEA-LIST, France). In this work, the primary source of variability was structural attenuation. Gianneo [21] extended this work using finite element models for a multi-parameter POD formulation for a Lamb waves-based SHM for light alloy aeronautical plates. Yusa et al. [22] evaluated general effects of flaw parameters on the ultrasonic response using the numerical simulations and experimental measurements on 316L steel specimens. Recently, Janapati et al.
[23] discussed role of POD in NDE and SHM. The focus of this work was quantifying the effect of transducer parameters on damage detection sensitivity.
However, the effect of temperature dependency of piezoelectric material on the POD is not sufficiently quantified. In the current work, temperature dependency of PZT-5A is modelled with regards to its effect on the POD. The objective of this work is to connect a microscopic material phenomenon that occurs within piezoelectric ceramics at a high temperature to an industrial practice of evaluating POD for quantifying performance of NDT inspections. This is achieved by a physics based model using finite element (FE) software COMSOL™ (Burlington, MA) [24] and temperature dependent material coefficients of PZT-5A [25] . Using the FE model, temperature correction and transfer factors are proposed to estimate POD value at high temperature using POD of room temperature experimental data.
II. Problem Description
The problem considered in this work consists of a planar compression wave (P-wave) transducer transmitting at normal incidence through a solid-solid interface as shown in Fig.1 . Let Ω be the domain of the problem connected by the Lipschitz boundaries  .The low carbon steel block of 50mm x 50mm cross section and the piezoelectric transducer are represented by domain Ωsteel and Ωtransducer respectively.
The piezoelectric material PZT-5A domain has a length of 12.7 mm and a thickness of 0.9 mm. Hence, the computational domain is given by Ω= ΩSteel ∪ Ωtransducer as shown in Fig.1 . 
III. Physics based model III.A Constitutive equation of piezoelectric material for temperature dependence
The equations for piezoelectricity can be obtained using Gibbs thermodynamic potential which is given as [26] , , , ,,
where Si is the Cauchy's total mechanical strain tensor, D is the electric displacement tensor, εmk T is the absolute permittivity at constant mechanical stress Ti , sij E,H,θ is the elastic compliance coefficient at a constant electric field E, constant magnetic field H and constant temperature θ and dmi is the piezoelectric charge coefficient. The thermal expansion coefficient and pyroelectric constant are given by α and p respectively. The magneto-dielectric coefficient is given by m. Phase velocity of elastic waves for piezoelectric ceramic is significantly less than the electromagnetic waves. This implies time derivative of magnetic field 0 H  indicating absence of magnetization effect and presence of a quasi-static field. Thus magneto-dielectric coupling from (1-2) can be ignored. In the current work, the temperature difference dθ is assumed to be small representing a gradual increase in the temperature of a piezoelectric based sensor.
Thus, for a quasi-thermal change in the piezoelectric material, the thermal expansion and pyroelectric effect can be ignored. This reduces (1-2) to a strain charge form of linear theory of the piezoelectric effect can be given by
The piezoelectric material modeled in this study, PZT 5A, exhibits a crystal structure with a symmetry of a hexagonal 6mm class [25] . The piezoelectric material is considered transversely isotropic if the poling axis aligns with one of the material symmetry axes [25] as shown in the expanded view of transducer model in Fig.1 . Hence, for a 2-D physics based model, the material matrix reduces to 4 elastic coefficients, 3 piezoelectric coefficients and 2 dielectric coefficients. Hence the piezoelectric stiffness matrix can be given Further information regarding the temperature dependence of a piezoelectric material is given by Sabat et al. [25] . In the current FE model, the in-plane deformation problem is considered in the x-y plane as shown in Fig.1 . Poling axis of the soft PZT-5A coincides with the y-axis of the model. Assumed electromechanical load for the in-plane problem is given by: a) E1≠0, E3≠0, E2=0, also implies D1≠0, D3≠0, D2=0 b) mechanical displacement u1 ≠0, u3≠0, u2=0. Thus, the non-zero stress and strain components are given by σ11, σ33, σ13 and s11, s13, s33. The assumption (b) of non-zero mechanical displacement, strain, and stress also applies to linear elastic solids in the physics based model.
III.B Constitutive equations of piezoelectric material for temperature dependence
The equation of linear momentum balance in the time domain is given by [27] 
where ρ is the assigned material density, u is the mechanical displacement, σ is second order Piola-Kirchoff stress tensor, and Fv is the body force. The top boundary (y=L) for the Ωsteel shown in Fig. 1 is kept traction free (σ31= σ33= σ11=0). A low reflection boundary condition is applied to the Ωsteel at x=0 and x=L boundaries to reduce reflection of the wave from side walls which also reduce the degree of freedom for which the model is solved, is given by [24] :
The vertices x=0 and x=L on the bottom boundary (y=0) of the Ωsteel are modelled as fixed constraints (u=0) representing the fixed support used to ensure flatness of the structure during ultrasonic contact measurements. The boundaries of SDH are traction free (σ31= σ33= σ11=0).
III.C Electrostatic model for piezoceramic
As previously stated, for the piezoelectric media, the electric field (piezoelectric media) is assumed to be irrotational. Thus, the electric field E is related to the scalar electric potential V by [24] :
Terminal boundary is assigned to the top electrode of the piezoelectric material which is coupled to the lumped parametric model discussed in the next section. The bottom boundary of the ΩPZT is grounded (V=0).
Zero charge constraint is assigned in the domain ΩPZT at boundaries without terminal or ground boundaries given by equation (9) . Charge density ρv in the domain ΩPZT is given by [24] 
III.D Excitation of transducer using the lumped parametric circuit model
In the experimental measurements, the piezoelectric transducer is excited with the pulsar-receiver circuit.
This introduces electrical impedance mismatch between the transducer and the instrumentation. This can be modelled in a finite element model by introducing a resistor of impedance equal to that of pulsar-receiver.
In the current study, the impedance value is set to an ideal 50 Ω. The electric circuit module in COMSOL™ 
III.E Discretization
A triangular element of maximum size 0.05mm was used for meshing the complete domain Ω= ΩSS ∪ ΩTransducer. The total number of elements is 256662 with an average growth rate of 1 and an average element quality equal to 0.99. This simulates the defect as a geometric discontinuity which is kept traction free. The maximum element size is determined by the minimum shear wave speed of the material assigned to the computational domain given by [28] :
where hmax is the maximum element size, c is the shear wave speed in the material, f0 is the highest frequency required in the spectrum, N is the number of element per wavelength, t is the time step, and CFL (CourantFreidrich-Levi) number [29] is set equal to 0.2 from the numerical convergence study [28] .
III.F Probability of detection formulation
The reflected signal displacement data from the physics based model corresponds to responseâ . The true size (here, diameter) of the flaw a is related to response â by [30] 01 aa   (14) which is of the linear equation form given by 01 yx   (15) Equation (15) 
where Θ is the cumulative distribution function. It should be noted that ŷ is the displacement amplitude of the P-wave response from the SDHs computed using the physics based model described previously. 
IV. Results and Interpretation

IV.A Model validation and Experimental verification
Mean value of experimental error
 
e is assigned to the data as shown in Fig. 3(a) . Table I , this is expressed as the multiplier factor mi in the fitted equations. Fig.4 (a-b) shows a good agreement between model and experimental data for 0.4< d/λ<1 using the corrected scattering amplitudes of the SDHs from equation (22) through (24).
(a) (b) Fig. 4 (a-b) Comparison of corrected P-wave scattering amplitudes from simulation data, experimental data and previous published model data [31] for SDH For the d/λ greater than 1, the experimental scattering amplitude shows divergence from the FE model data. The transfer factors m1 and m2 from equation (22) and (23) will be used to transform temperature effect from physics based model to the experimental POD.
IV.B Model data for scattering amplitude variation due to temperature dependency of PZT-5A
In this model case, the material coefficients corresponding to a particular temperature are based upon the temperature dependent material coefficient in the literature [25] . The summed temperature effect on all the material coefficients from equation (5) According to the experimental data [25] , the magnitudes of s11, s13, s33, s44 coefficients reduce whereas d33, d31, ε33 ,ε11 increase as a function of temperature from 15C to 195C due to the extrinsic and intrinsic contributions in the piezoelectric ceramic [25] . Magnitude change in each of the material coefficients as a function of temperature contributes to the change in total mechanical strain Si and dielectric displacement Dm as described by equation (3) through (5). This influence of temperature on piezoelectric effect is related to the P-wave scattering amplitude reduction through equation (6) and (10) . The logarithmic fitting of the simulated data in the form of equation (14) is shown in Table II where ̂ is the simulated reflected echo amplitude from SDH and a is the true size of the SDH. 
As the temperature increases from 15C to 105C, β1 reduces from 50% and β0 remains unchanged. Increasing temperature of the piezoelectric material from 105C to 150C reduces the value of β0 by 66% while the value of β1 remains unchanged. It should be noted that from 150C to 195C there is no change in the equation used for logarithmically fitting the data.
IV.C Probability of detection (POD) curve with temperature dependency of PZT-5A
Using equations (14) through (21), POD values are calculated and the resulting data is plotted from the physics based model data for different temperatures. The detection threshold Yth is expressed as the amplitude of vertical component of the mechanical displacement field u from the model data. Fig 6 (a) through Fig. 7(b) show POD values for 15C, 105C,150C, and 195C It should be noted that as the temperature is increased, the detection threshold needed to be lowered due to reduction in the scattering amplitude as explained in the previous section. However, the detection threshold is conventionally a system limitation which should be unmodified irrespective of the temperature. Hence, Yth (3.5e-8 mm) at 15C is selected as a fixed threshold for temperatures up to 195C. The flaw size corresponding to POD=0.95 increases from 2.1mm (0.81λ) at 15C to more than 1.5 λ at 195C
as shown in Fig.8 . This shows that detectability of the defects with a probability of 0.95 limits to the flaw size of 1.5 λ at 195C as compared 0.81λ at 15C at 2.25MHz resonance center frequency.
Moreover, for SDHs with a diameter between 0.54λ (1.4mm) and 1.17λ (3mm) in the low carbon steel the POD value varies significantly for 2.25MHz transducer as shown in Fig. 8 . For instance, the POD is estimated to reduce by 17% at 195C as compared to 15C for a flaw size 3.9mm (1.5λ) as shown in Fig. 8 .
For artificial defects such as SDHs of size 1.1λ, a significant 97% reduction in the POD value between 15C
and 195C can be seen due to the temperature effect on the piezoelectric material. Table III 
IV.D Temperature correction factor K
In sections IV.A through IV.C, the material coefficients for PZT-5A are altered based on the experimental data [25] at corresponding temperatures. The effect of the temperature dependent coefficients on the scattering amplitudes and hence the simulation based POD is quantified in Fig.5 and Fig.8 respectively.
In this section, using the simulated data for temperature dependent scattering amplitudes, a correction factor K for the temperature effect of PZT-5A is proposed which is calculated as the ratio of the P-wave scattering amplitudes at 15C to the scattering amplitude at the corresponding temperature. The numerical uncertainty in the correction factor is K±0.02 with the maximum deviation at SDH of 0.23mm diameter. As shown in Fig. 9(b) , the value of K at corresponding temperatures is essentially the magnitude by which the P-wave scattering amplitude needs to be compensated to match the POD at 15C. 
IV.E Estimation of High temperature POD using room temperature experimental data
In order to apply the temperature correction factor K from physics based model to the actual experimental data, the detection threshold is set as where Yth =3.5e-8 (mm) is detection threshold for the model data at 15C and the transfer factors m1,m2 were obtained from equation (22) and (23) . Now, using this temperature correction factor K, reduction in the scattering amplitudes of room temperature experimental data is calculated for 105C,150C, and 195C. In this way, Fig. 10 shows the estimation of high temperature (HT) POD using room temperature experimental data, correction factor K and transfer factors m1,and m2. 
V. Conclusion
Current work demonstrated a finite element pulse-echo model for scattering due to a cylindrical side drilled hole (SDH) in a steel specimen. The simulated P-wave scattering amplitude response from SDHs is in good agreement with the experimental and literature data for 0.4<d/λ<1 after correcting for experimental and numerical uncertainties. In the experimental and simulated data, near unity value of coefficient of determination (R 2 ) indicated that the P-wave scattering amplitude due to SDH can be well represented by a logarithmic fitting and as a function of a SDH diameter. The P-wave scattering amplitude reduces as a function of temperature due to variation in the piezoelectric material parameters affecting the mechanical strain and electric displacement of the piezoelectric ceramic. This changed the slope and intercept of the logarithmically fitted data. The detection threshold for the simulation based POD needed to be lowered as the temperature increased from 15C to 195C. For a constant threshold value, significant reduction in POD was predicted, particularly in the SDHs with diameter from 1.4 mm (0.54λ) to 3mm (1.17λ). A temperature correction factor is proposed using scattering amplitudes estimated for 15C,105C,150C, and 195C from the physics based model. This correction factor represented the change in the material coefficients of PZT-5A due to temperature dependent intrinsic and extrinsic contributions within the ceramic at a high temperature.
Using the transfer factors obtained from experimental and simulated data, a detection threshold is formulated to calculate POD for experimental data at room temperature. Finally, using this experimental data, temperature specific correction factor K and the transfer factors m1, and m2, a model based approach has been demonstrated to estimate POD at high temperature using low temperature ultrasonic pulse-echo measurements. The estimated POD data shows that detectability with a probability of 0.95 limits to the flaw size of 1.41 λ at 195C as compared 0.58λ at 15C. In other words, the temperature dependence of PZT-5A reduces the ability of 2.25 MHz transducer to detect smaller defects which otherwise would be possible to detect at 15C with POD=0.95.
